Abstract: This work presents a thermocouple that is fully screen printed and consists exclusively of carbon black conductors. Two different carbon black inks were printed to form a thermocouple, which has been characterized regarding its output voltage. For reference, each of the carbon black inks was used in combination with gold to form two further thermocouples. These have also been characterized and the output voltage used to predict the output of the associated thermocouple consisting of pure carbon black conductors. The results have been compared with the measurement results and show that the output of the pure carbon black thermocouple is roughly 10% lower than expected.
Introduction
Thermocouples are a very common way of measuring temperature as they are suitable for a wide range of temperatures [1] and easy to implement and embed into test setups. A thermocouple consists of two conductive materials and produces an output voltage that is proportional to the difference between the connection temperature and the junction temperature and the difference of Seebeck coefficients of the two components.
While metal and semiconductor thermocouples have been established for many decades, it is also possible to build a thermocouple out of other conductive materials, like for example carbon black. Carbon black is high temperature stable, cost-efficient and readily available. Therefore, thermocouples that consist of carbon black in combination with another conductive material have already been manufactured by spray-coating [2] and screen-printing [3] . However, carbon black does not have one uniquely defined Seebeck coefficient. The reason for this lies in the Fermi level of carbon black [4] , which is affected by the density of states [5] . Expressed in classical material parameters, the Seebeck coefficient is influenced by charge carrier transport properties. Therefore, in a carbon black composite, impurities as well as polymer matrix and carbon black concentration have an effect on the Seebeck coefficient [6] . This phenomenon has been utilized to produce a thermocouple consisting of two different carbon fiber reinforced laminae [7] .
In this work, a carbon black thermocouple is presented, that consists of two polymer matrix composites and is fully screen printed. Additionally, the Seebeck coefficients of the carbon black screen printing inks are determined in order to facilitate future work on carbon black thermocouples.
Materials and Methods
For the pure carbon black thermocouple, first a layer of SD 2842 HAL by Peters (from now on referred to as "2842") is screen printed onto a glass substrate using a 120 threads/cm PET mesh. It is dried at 150 °C for 5 min, before a layer of EDAG 109 E&C by Loctite (from now on referred to as "109") is printed in a way that the two features overlap at the junction. The same mesh is used for this step. Then, both carbon black inks are cured at 150 °C for 30 min. The connections have been made from Kapton strips coated with the same carbon black ink respectively. The carbon black features of the carbon black/gold thermocouples have been manufactured by the same process as described above. The gold features have been manufactured of gold leaf and for the connections Kapton strips have been coated with gold leaf. These three kinds of thermocouples are shown in Figure 1 . In the left picture, the 109-Au thermocouple is shown, in the middle the 109-2842 thermocouple (pure carbon black) and in the right picture, the 2842-Au thermocouple. 
Results
The pure carbon black thermocouple has been characterized using a test setup that consists of an electrical heater, a reference temperature sensor and a water bath-cooled block of aluminum. The junction of the thermocouple is electrically heated and the surface temperature is measured. To hold the temperature of the measurement connections at a constant value, the connections are embedded into water-cooled aluminum which is electrically insulated by an organic coating. The thermoelectric output voltage as a function of temperature difference between junction and connection is shown in Figure 2 . As one can see, the four test measurement cycles are stable and in the first approximation linear. The output voltage of such a thermocouple is therefore of the form 
In this formula, V is the output voltage, S the respective Seebeck coefficient and ΔT the temperature difference between junction and connections. To determine the output voltage per degree Celsius and the Seebeck coefficients, a linear fit is calculated for temperature differences below 50 °C (as the Seebeck coefficients is also not completely independent from temperature and usually given at room temperature [8] ). From the linear fit and Equation (1), the following relationship can be derived. 
To obtain absolute Seebeck coefficients from this result rather than just their difference, the two carbon black-gold thermocouples are characterized in the same way. The results are shown in Figure  3 . Again, as for the pure carbon black thermocouple, the output voltage of the two gold-carbon black thermocouples is fairly linear and the four measurement cycles result in similar measurement values. However, as can be seen in the enlarged areas, the output of the pure carbon black thermocouple in Figure 2 is more stable than the output of the two gold-carbon black thermocouples in Figure 3 . To obtain the Seebeck coefficients, again a linear fit for the first 50 °C temperature difference is calculated. The absolute Seebeck coefficient of gold is well known to be 1.94 µV/K [9] . From the carbon black-gold thermocouple (Equations (3) and (4)), the Seebeck coefficients S109 = 14.8 µV/K and S2842 = 5.76 µV/K can be calculated. Analytically, the thermoelectric output of the pure carbon black thermocouple can be calculated from Equation (1) to be 9.04 µV/K. Comparing this analytical result to the measurement result of Figure 2 , one can see that that the output is approximately 11% lower than it is according to this calculation. 
Discussion
A thermocouple consisting of two carbon black inks is realized by screen printing and tested. These test results are then compared to thermocouple output voltages of each of the two carbon black inks combined with gold. The output of the pure carbon black thermocouple is lower than predicted from the output of the gold thermocouples. As mentioned in the introduction, this can be due to several reasons, some of them being impurities, slight variations of carbon black concentration in the inks and other effects affecting the Fermi level. In any case, it was shown that a pure carbon black thermocouple can be used to measure temperature and its output sensitivity is higher than e.g., one of the carbon black-gold thermocouples and moreover stable over several measurement cycles. Additionally, the Seebeck coefficients of two commercially available carbon black screen printing inks were determined, facilitating future use of carbon black inks in thermocouples. As a next step, in extension to the measurements presented here, a set of different carbon black screen printing inks will be used to manufacture thermocouples and determine the actual Seebeck coefficients. This set of data will enable future use of carbon black inks in combination with other conductive materials in environments with varying temperatures, as the thermoelectric effect produces an superposed voltage signal which can be compensated using the data collected here. Funding: This work has been supported by the LCM K2 Center for Symbiotic Mechatronics within the framework of the Austrian COMET-K2 program.
